We report time and frequency domain studies of spin-torque-driven vortex self-oscillations at zero magnetic field. We observe two types of abrupt fluctuations in the frequency and amplitude, with very long random mean lifetimes ͑ϳ10 2 to ϳ10 4 oscillation cycles͒. First, we observe fluctuations between two center frequencies separated by 10s of MHz that we identify with switching between quasiuniform and vortex states of the magnetic polarizing layer. Second, we resolve much smaller, discrete frequency fluctuations that lead to a fine structure of the oscillations. We find that this fine structure plays a key role in determining the long-time average linewidths and we suggest a possible physical origin. DOI: 10.1103/PhysRevB.80.180411 PACS number͑s͒: 75.75.ϩa, 85.75.Ϫd, 72.25.Ba, 72.25.Pn The spin torque exerted by a spin-polarized current can excite a wide range of magnetization changes in magnetic nanostructures. Of special interest is the excitation of persistent GHz-frequency oscillations by dc currents. This autogeneration phenomenon has increased interest in magnetismrelated nonlinear phenomena and is promising for potential on-chip, tunable dc-driven microwave sources. The majority of studies to date have focused on devices with strong inplane magnetic anisotropy that oscillate in a quasiuniform ͑QU͒ spatial mode under applied field H of 100s to 1000s of Oe. Recently, studies have demonstrated that the spin torque can also excite persistent GHz oscillations in the absence of any applied magnetic field.
The spin torque exerted by a spin-polarized current can excite a wide range of magnetization changes in magnetic nanostructures. Of special interest is the excitation of persistent GHz-frequency oscillations by dc currents. This autogeneration phenomenon has increased interest in magnetismrelated nonlinear phenomena and is promising for potential on-chip, tunable dc-driven microwave sources. The majority of studies to date have focused on devices with strong inplane magnetic anisotropy that oscillate in a quasiuniform ͑QU͒ spatial mode under applied field H of 100s to 1000s of Oe. Recently, studies have demonstrated that the spin torque can also excite persistent GHz oscillations in the absence of any applied magnetic field. [1] [2] [3] References 1 and 3 showed that by making use of the well-known precessional mode [4] [5] [6] of a magnetic vortex ͑V͒ in a nanoscale point-contact or nanopillar structure, it is possible to obtain not only zerofield oscillations but also sub-MHz linewidths, considerably narrower than the 10s to 100s of MHz linewidths typically observed in the conventional vortex-free spin-torque oscillators. Spin-torque-driven vortex self-oscillations have since been observed by other experiments 7, 8 and have been the subject of theoretical studies aimed at better understanding the types of dynamics that can be excited by dc spinpolarized currents in nonuniform states, 9 as well as the range of applicability for the equations of motion of magnetic vortices. 10 An understanding of the factors affecting the stability of these oscillators and the sources of linewidth broadening are of great importance for further advances.
In this Rapid Communication, we report time-average and single-shot transport measurements and comparisons with micromagnetic simulations that reveal the existence of a mode substructure of the vortex self-oscillations. By simultaneously analyzing the oscillations in the frequency and time domains, we find that the substructure of the oscillations plays a key role in determining the average linewidth. The measurements are performed in H = 0, as this is perhaps the most technologically important bias regime. The devices studied here are spin-valve nanopillars composed of Ni 81 Fe 19 ͑60 nm͒ / Cu͑40 nm͒ / Ni 81 Fe 19 ͑5 nm͒, with approximately elliptical cross sections ͑dimensions for each device are specified below͒ fabricated as described in Ref. 3 . In equilibrium, the thick Py layer has a vortex configuration and the thinner polarizing layer a uniform in-plane magnetization, but as we discuss below, an alternative configuration is also possible at high bias currents.
The dependence of the frequency ͑f͒ and linewidth ͓full width at half maximum ͑FWHM͔͒ on current ͑I͒ for one such device ͑dev. 1, nominal dimensions 80 nmϫ 180 nm͒, as measured with a spectrum analyzer, are shown in Fig. 1 . Although the vortex oscillations are expected to be single mode, corresponding to the gyrotropic precession of the core, the spectrum actually shows two different modes as a function of bias. The lower-frequency mode ͑M1͒ and the higher-frequency mode ͑M2͒ appear to coexist for I between ϳ6.5 and 9.5 mA. The presence of two modes at H = 0 is a feature of all devices we studied, although the details of the bias dependence varied from sample to sample. For dev. 1, the two modes have an approximately linear dependence of frequency on current with average slopes of 3.3 MHz/mA for M1 and 6.5 MHz/mA for M2. The linewidths increase at a rate of 0.5 MHz/mA for M1 and ϳ1.0 MHz/ mA for M2, but a stronger dependence is observed for M1 at small and large biases.
To obtain information about time correlations between the two modes, we have performed single-shot time-domain measurements. By band-pass filtering the time-domain signals we were able to reduce the noise background suffi- ciently to study the time-dependent output of the devices. The digital filter bandwidth was adjusted for each peak as a function of its width ͑typical values were ϳ1.5 to 5 times the average linewidth͒ and was centered at the peak's main emission frequency. Figure 2 shows such time traces measured using a digital storage oscilloscope with an analog bandwidth of 3 GHz and sampling rate of 20 GS/s.
The time-domain measurements reveal that the system has only one major mode of oscillation at a given time but switches randomly between the two possible modes, with bias-dependent dwell times in the s range. Figure 2͑a͒ shows, as function of I, the fraction of time the system spends in each of the modes M1 and M2 for dev. 1. To obtain these data, we computed the envelope of 100 s filtered traces, such as those shown in Fig. 2͑b͒ , and then determined the fraction of time the envelope was above the combined amplifier and Johnson noise floor. Mode M1 dominates from the onset of dynamics to ϳ6.0 mA, while M2 dominates for I larger than ϳ8.8 mA. A transition region is observed at intermediate biases.
The frequency shifts we report here are similar to the telegraph switching between spin-torque-excited dynamic modes previously observed in conventional spin valves, 11 but with the distinct difference that the timescales of the fluctuations in the case of the vortex oscillator are between two and three orders of magnitude longer than for the vortex-free spin valves. This indicates that the energy barrier retarding transitions between the two modes in the vortex oscillator system is much higher than for mode transitions in the quasiuniform spin-valve system or, alternatively, that the attractors that define the two modes in phase space for the vortex oscillator are much stronger than for quasiuniform spin valves.
To gain insight into the magnetic configurations associated with the experimental observations, we performed micromagnetic simulations 12 of the entire device, including the spin torque acting on both magnetic layers and the Oersted field due to the current. 13 We simulated two device cross sections: an ideal ellipse and an additional cross section ͑shape A͒ modeled on a scanning electron microscope image of an actual device. Figure 3 shows the current dependence of the frequency and the linewidth extracted from Lorentzian fits to the fast Fourier transform ͑FFT͒ of the MR oscillations 14 for the two shapes at a temperature ͑T͒ of 300 K and H = 0. In the simulations, the current was initially set to a value of ϳ20 mA ͑ideal ellipse͒ and ϳ15 mA ͑shape A͒, then stepped down. The duration of the simulations, which was constrained by practical computation time length, limits the minimum linewidth to ϳ30 MHz. Due to the large initial current values, the devices start in a state with a vortex in the thin polarizing layer, in addition to the stable vortex in the thick layer. The chirality of the thick layer vortex is given by the Oersted field, while that of the thin layer vortex is opposite, due to the spin torque from the reflected spin polarization. At the initial large bias, the dynamics are highly chaotic and the frequency is not well defined. As the current is stepped down, the precession of the coupled pairs of vortices becomes regular and the oscillation linewidth narrows. Eventually, between 5.2 and 2.5 mA, the thin layer configuration switches from a V to a QU configuration ͓Figs. 3͑a͒ and 3͑b͔͒, with details depending on the simulated device shape.
For the ideal ellipse, we have also performed simulations, where the direction of the current ramp was increasing ͓Figs. 3͑c͒ and 3͑d͔͒. In this case, the thin layer remains in the QU configuration for I up to a value between ϳ15.5 and 20.6 mA, then switches to a vortex. This reveals the existence of a broad bias range between ϳ5 and ϳ16 mA, within which both QU and V configurations of the thin layer are stable over the 100 ns length of all simulations. These two magnetic configurations are shown in Figs. 3͑e͒ and 3͑f͒ . The frequency difference between the two simulated modes, corresponding to the two magnetic configurations of the thin layer, varies with bias between ϳ30 and ϳ120 MHz, while the experimental frequency splitting between modes M1 and M2 of device 1 ranges from ϳ15 to ϳ27 MHz, with the smaller difference perhaps being due to the nonideal shape of the experimental device. The simulated linewidth for the V-QU configuration is lower than for the V-V configuration at low currents and increases sharply at larger bias, in qualitative agreement with the experimental observation for dev. 1. The good qualitative agreement of the simulations with the experiment suggests that the lower-frequency experimental mode M1 corresponds to the V-QU configuration, while M2 corresponds to the V-V configuration, with the data in Fig. 2͑a͒ indicating that V-QU has the dominant lifetime at low bias and V-V is dominant at large bias. While the timedomain measurements show that modes M1 and M2 are metastable, their lifetimes are Ն1 s, even when the bias is such that these dwell times are comparable. This is more than an order of magnitude longer than the duration of the simulations, which therefore do not capture the reversible jumps between V-V and V-QU seen experimentally.
Since the dwell times of the two modes, as determined by the time-domain measurements, are generally on the order of 1 s to 10s of s, except at the extremes of the bias range for oscillation, mode jumping due to abrupt changes in the overall magnetic configuration of the thin layer is not a dominant contribution to the individual mode linewidths, Ͼ1 MHz, obtained from time-averaged frequency measurements. Instead, we find by higher-resolution time-domain studies that each peak exhibits a substructure caused by abrupt small-scale changes in its frequency and amplitude, also with slow characteristic timescales of 100s of ns to s. Figure 4͑a͒ shows the Fourier spectrogram of a 5 GS/s time trace of mode M1 from a second device ͑dev. 2, 75 nm ϫ 155 nm͒ obtained by sliding a 4-s-long Hann window 15 across the time trace in 20 ns steps. The spectrogram of a sine wave with similar frequency and integrated power produced with a commercial generator, shown for comparison in Fig. 4͑b͒ , displays a stable frequency with the power clearly concentrated within the resolution bandwidth. In contrast, the device oscillations exhibit fluctuations of the frequency that are abrupt on the s timescale of the measurement, as well as fluctuations in the shape and width of the spectrogram. These fluctuations qualitatively resemble those recently reported in vortex-free MgO magnetic tunnel junctions ͑MTJ͒ ͑Ref. 16͒; however, the timescales for our vortex spin valves are orders of magnitude longer than the ns timescales reported for the vortex-free MTJs, indicating that the vortex oscillations are much more coherent. Moreover, while Ref. 16 reports that discrete amplitude fluctuations dominate at low bias and continuous frequency fluctuations are dominant at high bias for vortex-free MTJs, we find that for vortex spin valves the fluctuations can have a discrete character across the entire bias range we studied.
The small, discrete frequency jumps are particularly relevant since they appear to be the dominant contributor to the average linewidth of the vortex oscillator. In the intervals between these jumps, the linewidth can be quite narrow. For example, a typical long-time-averaged power spectral density ͑PSD͒ yields a relatively broad FWHM of 450 kHz, while the PSD of one of the 20 s long intervals within this longer trace has a FWHM equal to the 50 kHz bandwidth set by the measurement window ͓Fig. 4͑c͔͒. This ninefold reduction in the linewidth shows that the oscillator can be stable to better than 5 ϫ 10 −5 over 10s of s ͑more than 10 4 cycles͒ before an abrupt change alters the center frequency. The corresponding value for the length of stable oscillations in vortex-free MTJs is just 10s of ns. 16 The much slower timescales of the fluctuations for the vortex oscillator are another sign of its greater stability, in addition to its much narrower intrinsic linewidths ͑50 kHz min͒ compared to the vortexfree MTJs ͑ϳ1 MHz min͒, albeit at the lower frequency of the vortex gyrotropic mode.
An analytical model of linewidth broadening in spintorque oscillators has been proposed 17 based on the effect of Gaussian thermal noise in a nonlinear system and has been found to be in good agreement with experiment for certain device geometries. 18 Given the characteristics of thermal noise, the bandwidth of the resulting frequency fluctuations is expected to extend up to the ferromagnetic resonance frequencies of the magnetic elements within the device. This does not appear to be compatible with the dominant frequencies of the discrete fluctuations we observe in the vortex oscillator, which are two to three orders of magnitude slower.
We propose instead that these discrete s-timescale frequency fluctuations result from abrupt changes in the nonideal vortex orbit. The ability of static magnetic imperfections to affect vortex dynamics has been demonstrated by optical Kerr microscopy studies that have shown that the gyrotropic frequency of a vortex in a microscale thin-film structure can vary by a factor of 3 or more when the core is displaced relative to different pinning inhomogeneities. 19 Due to the relatively small region covered by the precessing core and the stronger confining potential in our nanopillars, we do not expect, nor observe, such large variations in the frequency. However, if the confining potential for the vortex is not ideal then abrupt changes in the orbit can occur if, on the same timescale, there are either abrupt changes in the magnetic configuration that defines that potential, which could be due to thermal or spin-torque excitations, or if there are chaotic transitions between different attractors in the nonideal phase space. 20 According to the simulations, which assume a magnetically perfect, albeit digitally modeled system, the vortex oscillator can indeed be chaotic, even at T = 0, due in part to the spin-torque excitation of localized magnetic dynamics. Although direct comparison with experiment is impossible due to the short simulation times, the fact that at sufficiently high bias, both in the experiment and in the simulations, the vortex oscillator linewidth broadens and the device behavior becomes chaotic, with the oscillation eventually breaking down, suggests that spin-torque excitation of localized magnetic dynamics could be a significant contribution to the smaller-scale linewidth broadening observed by the time-domain measurements at moderate bias levels.
In conclusion, our results show that zero-field spintorque-driven vortex self-oscillations are characterized by very long timescale fluctuations ͑100s of ns to 10s of s͒. By means of single-shot time-domain measurements, we can resolve two main types of fluctuations. The first are due to transitions of the thin polarizing magnetic layer between quasiuniform and vortex configurations, resulting in shifts of 10s of MHz in the ϳ1 GHz vortex gyrotropic frequency. The second are smaller fluctuations that appear to be the dominant contribution to the long-time average linewidth of the vortex oscillator. The discrete, low-frequency character of these smaller fluctuations suggests that the dominant linewidth broadening mechanisms are either dynamic changes in the magnetic configuration that defines the vortex orbit or chaotic transitions between attractors in the phase space established by the device shape and defect configuration. A stronger confining potential would reduce the sensitivity of the orbit to magnetic defects and hence could better stabilize it. The use of smaller devices and more homogeneous thin films could therefore yield significant improvements in vortex oscillator properties.
